The effects of chronic long term exposure to multiply-polluted environments on fish are not well understood, but environmental surveys suggest that such exposure may cause a variety of pathologies, including cancers. Transcriptomic profiling has recently been used to assess gene expression in European flounder (Platichthys flesus) living in several polluted and clean estuaries. However, the gene expression changes detected were not unequivocally elicited by pollution, most likely due to the confounding effects of natural estuarine ecosystem variables. In this study flounder from an uncontaminated estuary were held on clean or polluted sediments in mesocosms, allowing control of variables such as salinity, temperature, and diet. After 7 months flounder were removed from each mesocosm and hepatocytes prepared from fish exposed to clean or polluted sediments. The hepatocytes were treated with benzo(a)pyrene (BAP), estradiol (E2), copper, a mixture of these three, or with the vehicle DMSO. A flounder cDNA microarray was then used to measure hepatocyte transcript abundance after each treatment. The results show that long term chronic exposure to a multiply-polluted sediment causes increases in the expression of mRNAs coding for proteins of the endogenous apoptotic program, of innate immunity and inflammation. Contrary to expectation, the expression of mRNAs which are commonly used as biomarkers of environmental exposure to particular contaminants were not changed, or were changed contrary to expectation. However, acute treatment of hepatocytes from flounder from both clean and polluted sediments with BAP or E2 caused the expected changes in the expression of these biomarkers. Thus transcriptomic analysis of flounder exposed long-term to chronic pollution causes a different pattern of gene expression than in fish acutely treated with single chemicals, and reveals novel potential biomarkers of environmental contaminant exposure. These novel biomarkers include Diablo, a gene involved in apoptotic pathways and highly differentially regulated by both chronic and acute exposure to multiple pollutants.
Introduction
Estuarine sediments are sinks for chemical pollutants present in industrial and domestic effluents, and the health of fish which live in polluted estuaries is of concern. The European flounder lives in close association with estuarine sediments and is a key sentinel species for biological effects monitoring in initiatives such as the OSPAR Joint Assessment and Monitoring Programme (OSPAR, 2003) . Such biological effects monitoring programmes have concentrated on the use of biochemical, molecular, histopathological and morphological biomarkers to indicate exposure to harmful pollutants (van der Oost et al., 2003) . The development of these biomarkers has most often been based on identifying endpoints which vary after single acute experimental exposure to model pollutants, such as polycyclic aromatic hydrocarbons (PAH), halogenated aromatic hydrocarbons, estrogenic chemicals, and metals. However, changes in these markers are not always observed in field surveys, even in fish exposed to high levels of contaminants (Eggens et al., 1996) (Reynolds et al., 2003) .
The development of transcriptomic techniques for massively parallel, simultaneous measurement of expression of several thousands of genes may provide a means to assess, not only exposure but also mechanisms of action and effects of environmental contaminants. Transcriptomic profiling with targeted microarrays has been used to assess the effects of exposure to polluted sediments and in some of these studies it has been possible to obtain a toxicologically relevant signal from amongst the transcripts which were changed. Thus, when comparing a highly PAH-contaminated environment with a 'clean' reference site, flounder transcripts characteristic of acute PAH-response were changed (Williams et al., 2003) . Similarly, when comparing hornyhead turbot (Pleuronichthys verticalis) from a site receiving an estrogenic effluent with a clean site, a signal characteristic of acute estrogen exposure was observed (Baker et al., 2009) . However, in a larger study, involving several European estuaries of differing pollutant status, and using a more comprehensive microarray, a transcriptomic signal of pollutant effect was less clear (Falciani et al., 2008) . These results demonstrated that gene expression profiles depended on site, and that the relative expression levels of a subset of 17 genes could predict the source of flounder with high accuracy. However, this subset only contained one currently described biomarker, CYP1A, and furthermore transcriptomic profiling of flounder experimentally exposed to acute doses of model pollutants (Williams et al., 2008) showed large differences to gene expression profiles in fish from polluted environments. These results have general similarities to studies on populations of Fundulus heteroclitus, a fish which inhabits severely contaminated estuarine sites in North America. Comparing gene expression profiles of F. heteroclitus from several polluted and unpolluted sites indicates that in each of the polluted populations 5 to 17% of genes are differentially expressed, yet only two genes had a consistent difference in expression among all polluted sites (Fisher and Oleksiak, 2007) . Also notable was an apparent under-representation of the type of biomarker genes which might have been expected to be differentially expressed between polluted and unpolluted sites, although in the case of F. heteroclitus there appears to be a heritable resistance to the effects of some contaminants, which is believed to prevent CYP1A induction for example (Oleksiak, 2008) .
It is perhaps not surprising that comparing gene expression in different populations of fish from different locations is not straightforward. Estuaries in particular are highly variable environments and it is possible that pollutant responses are masked by large changes in expression of other genes that may be responsive to variables such as salinity, temperature, feeding, and, as shown with F. heteroclitus, population differences. It is also possible that the long-term response to living on multiply-polluted sediments differs from the response to acute, short-term, single-chemical exposures which have been used to identify many of the current commonly used molecular and biochemical biomarkers. The aim of the study reported here was to compare the transcriptomic effects of chronic exposure to a real polluted estuarine sediment with a real 'clean' sediment in a single population of flounder. This was achieved by chronic exposure in a controlled mesocosm study designed to eliminate many of the variables present in different estuaries, followed by microarray and quantitative PCR measurement of gene expression in isolated hepatocytes from exposed and unexposed fish. The use of isolated hepatocytes provided a means to directly compare the transcriptomic effects of acute exposure to prototypical pollutants with long-term chronic exposure to sediments, whilst minimizing the effects of natural genetic and environmental variation in outbred wild populations of fish.
Methods

Experimental animals
Juvenile (0-group) flounder, were collected by beam trawl at low tide in May-June from the Ythan estuary (NE Scotland). Benthic invertebrates (mostly Tellina and Macoma bivalves, together with some polychaete worms) were collected by wet sieving (4 mm) from clean sediment at the Ythan estuary, Loch Ewe (NW Scotland), and at Balmerino on the Firth of Tay estuary (E Scotland).
Mesocosm Establishment
The mesocosms consisted of four 1.5 m tanks contained 4-5 cm of test sediment over ~3 cm of filter sand, covering ~5 cm of filter gravel, on top of perforated, corrugated plastic sitting on the base of the tank. Four air-riser pipes per tank ensured a circulation of water down through the sediment and up the air-riser in order to prevent anoxia of the sediment, reduce sediment resuspension, and lessen water turbidity. Each mesocosm was supplied with ~100 L per hour of carbon-filtered 50% seawater (salinity = 17gL -1 ). Three bulk sediments were collected for use in the mesocosm experiments. Two contaminated sediments were obtained from dredged material from the estuary of the River Tyne, Riverside Quay, Jarrow, and also sediment collected by van Veen grab from the Firth of Forth, adjacent to the Grangemouth petrochemical complex. A clean reference sediment was manually collected from the estuary of the River Ythan, in North East Scotland, adjacent to the site of flounder collection. Each of the sediments was thoroughly mixed, and stored as large (~75 kg) aliquots that were held in plastic packing crates within a commercial frozen storage facility until required.
Prior to introducing flounder to the tanks, the bulk Forth and Tyne sediments were combined (FT). This sediment and the reference Ythan (Y) sediment were each thoroughly mixed (75:25) with filter sand, and aliquoted/stored as described above. The filter sand was added to equalize the grain size of all sediments and to reduce the likelihood of the sediment becoming anoxic during the test. The final test sediments, ie mixed and with filter sand added, are hereafter referred to as 'clean' and 'polluted'.
The test sediments were added to duplicate tanks in May and benthic invertebrates were added 30 days later. After a further 30 days 60 0-group flounder (3.1±1.1 g, 56±6 mm) were added to each tank. Benthic in situ invertebrate prey species were supplemented daily with frozen mysid shrimp (at a rate of ~1% of body weight/day) and once a week with commercial pellets (Bio-Optimal START 1.5mm, Biomar, 1% of body weight/week). Water temperature and salinity were recorded weekly. After three months, an additional 1-2 cm of test sediment was added to each mesocosm and the mesocosm-exposed fish were sampled after 7 months of exposure to the sediments.
Five aliquots from each of the 'clean' and polluted' sediments were collected for chemical analysis at the point of first addition to the tanks.
Tanks were regularly inspected for mortalities and dead fish removed. After 7 months, surviving fish were counted and taken for biometric, chemical and biological analyses. Salinity over the course of the experiment was 19.8±1.5‰ (mean of weekly measurements from each of the 4 tanks) and temperature was 12.3±2.7 o C (mean of weekly measurements from each of the 4 tanks), ranging from a maximum of 16 o C to a minimum of 8 o C, in accordance with the normal environmental variation over the period.
Sediment chemistry
Unless stated otherwise, chemical analyses were accredited to ISO/IEC 17025:2005 by the UK Accreditation Service.
Determination of sediment characteristics
The particle size distributions of freeze dried test sediments were determined using a laser granulometer, after initial sieving to 2 mm. The concentrations of Total, Inorganic, and Organic Carbon (TC, TIC, TOC) in freeze dried sediments, were determined using an elemental analyser. Finely ground sediment samples were analysed either without acidification (TC), or following the addition of hydrochloric acid (TOC). TIC was determined as the difference between the two.
Determination of trace metal concentrations
Freeze dried samples of test sediment were sieved (2 mm) and the fine material ballmilled before being digested in a closed vessel microwave using concentrated nitric acid. Fish samples were homogenised and similarly digested. Sample digests were diluted, internal standards added, and trace element concentrations determined by Inductively Coupled Plasma Mass Spectrometry (ICPMS). Concentrations of Cr, Ni, Cu, Zn, As, Cd, Hg, and Pb were determined in sediments and flounder muscle and liver; additionally Mn, Co and Se were also determined in flounder muscle and liver.
Determination of polycyclic aromatic hydrocarbons (PAHs)
Hydrocarbons, including PAHs, were extracted from wet test sediment by sonication in dichloromethane and methanol, and from flounder muscle and liver by saponification. The extracts were purified and the PAHs separated from the aliphatic hydrocarbons using high performance liquid chromatography (HPLC). Quantitative analysis of 40 two-to sixring (parent and branched) PAHs was carried out by gas chromatography with mass selective detection (GC-MSD, (Webster et al., 2009) (Webster et al., 2004) . Results are presented as total naphthalenes (naphthalene + 1-methyl naphthalene + 2-methyl naphthalene + C2,C3,C4 naphthalenes), total of the 40 PAH compounds, or as total benzo[a]pyrene-equivalent PAH concentrations (derived from the function of individual compound concentration and the Toxic Equivalency Factor (TEF), for the 16 PAH compounds for which TEFs are available.
Determination of chlorinated biphenyls (CBs) and organochlorine pesticides (OCPs)
CBs and OCPs were extracted from freeze dried sediments and dehydrated samples by either soxhlet extraction using methyl-tert-butyl ether (MTBE) as the solvent or by Pressurised Liquid Extraction (PLE) using iso-hexane and with 5% deactivated alumina in the PLE cells as a fat retainer to partially clean-up the samples. Concentrated extracts were further cleaned-up and OCPs and CBs separated with deactivated silica and the concentrations of 28 CB congeners and 20 OCPs determined by gas chromatography with electron capture detection (GC-ECD; (Webster et al., 2009) ). The determined OCPs were o,p' DDE, p,p' DDE, o,p' DDD, p,p' DDD, o,p' DDT, p,p' DDT, α-chlordene, γ-chlordene, oxychlordane, α-chlordane, γ-chlordane, total heptachlor, heptachlor epoxide, transnonachlor, dieldrin, aldrin, endrin, α-HCH, γ-HCH, and hexachlorobenzene (HCB). Concentrations of individual CBs were determined and the reported results also included the total concentration of all the CBs monitored and the total of the "ICES7" CBs (sum of CBs 28, 52, 101, 118, 138, 153 and 180) . Individual OCP concentrations were often below detection limits; data for those compounds most-often detected are presented (the sum of DDT and its metabolites, HCB) together with the sum of all OCP compounds.
Determination of organotin compounds
Freeze dried test sediment samples were sieved (2 mm) and the fine material ballmilled before organotin compounds were extracted using acetic acid and methanol. Extracted organotins were derivatised using sodium tetraethylborate and the ethylated organotins simultaneously re-extracted into iso-hexane. The iso-hexane extracts were cleaned-up with deactivated silica and the concentrations of ethylated di-, and tri-butyltin were determined by GC-MSD.
Determination of polybrominated diphenylethers (PBDEs)
PBDEs were extracted from freeze dried test sediments and dehydrated samples by PLE using iso-hexane as solvent. The concentrated extracts were cleaned-up and the concentrations of 17 (tri-to deca-brominated) PBDE congeners determined by GC-MSD (Webster et al., 2009 ).
Hepatocyte preparation and treatment
The overall experimental scheme is shown in Figure 1 . Four male fish and two female flounder from each test group ('clean' and 'polluted') were selected randomly, by netting all fish into a holding tank and sampling the first four males and two females to be sub-sampled. These fish had lengths between 12 and 16.3cm. The skin of the fish was swabbed with 10% FAM disinfectant before removing livers. A sub-sample of each liver was frozen in liquid N 2 for individual analyses. The remainder of each liver was finely chopped and hepatocytes prepared as described previously (Leaver et al., 2007) . Following hepatocyte preparation washed cell pellets were resuspended in 10ml of DMEM, 10%FBS, PSK and cell concentration determined in each preparation using a hemocytometer. Two pools were then made containing equal numbers of cells originating from each of the six flounder from each 'clean' or 'polluted' group. These pools were then distributed to six-well polystyrene culture dishes to provide 10 6 cells in 2ml in each well. Culture dishes were incubated for 2 hours at 12˚C, 4% CO 2 before adding 5µl of DMSO or 5µl DMSO containing 20mM benzo(a)pyrene (BAP), 0.4mM estradiol (E2) or 4mM copper sulphate (Cu), to give final exposure concentrations of 50µM BAP, 1µM E2 and 10µM Cu. Hepatocytes were also treated with a mixture of all three compounds (MIX), each at the concentrations stated above. All treatments were performed as six replicates. After 40 hours of exposure at 12˚C, 4% CO 2, three replicates of each treatment were harvested by aspiration and cells pelleted at 1000g for 3 mins. Cell pellets were immediately resuspended with vigorous vortex mixing in 200µl of RNA extraction solution (TriReagent, Sigma). Cells in the remaining culture dish wells were assessed for viability by counting number of cells excluding Trypan Blue using a hemocytometer and microscope. Viability was between 72 and 81% in all treatments after 40 hours and did not significantly vary between treatments.
Microarray Hybridisation
Total RNA was prepared from pooled hepatocyte cell pellets using TriReagent RNA extraction buffer (Sigma) according to the manufacturers protocol. Each hepatocyte treatment consisted of three experimental replicates for microarray hybridisation. Total RNA from individual livers was prepared by homogenising liver fragments in 8 ml/g methanol, 2.5ml/g water. One hundred microlitres of the aqueous phase was then processed for RNA purification using binding to/elution from an anion exchange mini-column (RNeasy Midi Kit, Qiagen). Final RNA concentrations were measured using a Nanodrop spectrophotometer and integrity checked by assessing the relative proportions of 28S and 18S RNA using agarose gel electrophoresis. All samples showed approximately 2 fold more ethidium bromide staining in 28S band than in 18S band, indicating that the samples were not significantly degraded. Five hundred nanograms of each total RNA sample was amplified using a commercial amplification and amino-allyl labelling kit (Amino Allyl MessageAmp II aRNA Amplification kit, Ambion). Amplified RNA yield was quantified using a Nanodrop spectrophotometer and 20µg was incubated with mono reactive NHS ester Cy3 dye (GE Healthcare). Labelled, amplified RNA probe was purified according to commercial kit instructions. A pool containing equal amounts of total RNA from each sample was labelled with Cy5 dye using the same method. Yields of labelled, amplified RNAs were quantified using a Nanodrop spectrophotometer.
The construction and validation of the GENIPOL European flounder 16K cDNA microarray used here has been described in detail previously (Williams et al., 2006) (Diab et al., 2008) . The array consisted of 27648 elements, which, after contig clustering, resolve into 3336 genes. The array design with accession numbers is available through EMBL ArrayExpress, accession number A-MAXD-12 (http://www.ebi.ac.uk/microarray as/aer/lob?name=adss&id=1308203622). A universal pooled reference design was used to plan microarray hybridisations (Fig1). Thus, each slide received 80pmol of Cy3 labelled, amplified RNA and 80pmol of Cy5 labelled pooled reference amplified RNA. Hybridisation procedures and solutions have been described previously (Williams et al., 2006) . Following hybridisation, microarray slides were washed, dried and scanned with a Perkin Elmer ScanArray Express microarray slide scanner. Scanned images were first analysed by Bluefuse software (BlueGnome Ltd, UK) which was used to identify features, fuse replicates and quantify Cy3 and Cy5 fluorescent signals from each feature. Bluefuse data was then analysed in Genespring GX7.3.1. (Agilent). To normalise data, all features with less than 0.01 fluorescence units were first discarded, then a Lowess per spot, per chip normalisation was carried out. Features whose sequence data formed contigs (Williams et al., 2006) were treated as on-chip replicates in Genespring.
The entire data set was first analysed by 2 Way ANOVA, implemented in Genespring, using Sediment ('clean' and 'polluted') and Treatment (BAP, EST, CU and MIX) as factors. This provided a list of features whose expression was significantly (with Bonferroni and Hochberg False Discovery Rate correction, FDR p<0.05) dependent on sediment, on treatment, or which exhibited interaction between sediment and treatment. To identify features which were changed by individual treatments or which showed interaction with individual treatment and sediment, the 2 way ANOVA output list were filtered first by pairwise t-tests (p<0.05) and second by 2 fold up-or down-expression.
The probability that a particular biological process GO term was enriched in an output GO list (all GO annotations associated with the experimentally altered gene list) compared to the input GO list (All GO annotations associated with the array) was calculated using a hypergeometric distribution model as implemented by GeneSpring GX 7.3.1. The GO annotation of the flounder microarray has been described (Williams et al., 2006) . MIAME-compliant microarray data (Brazma et al., 2001 ) were submitted to ArrayExpress at EMBL-EBI (http://www.ebi.ac.uk/microarray-as/ae/) using MaxdLoad2 software (Hancock et al., 2005) and have been assigned accession number E-MAXD-55.
Quantitative real time PCR (QPCR)
QPCR was performed using the treated hepatocyte RNA extracts, or using RNA from the individual hepatocyte source fish. Complementary DNA (cDNA) was synthesized from total RNA using a commercially available kit according the manufacturers instructions (Reverse-iT Max 1st strand synthesis kit, ABgene). Briefly each reaction of 20µL contained 1.0µg of total RNA, 300ng of random hexamers and 125ng of anchored oligo-dT. Following cDNA synthesis at 42˚C for 1 hour reactions were stopped by heating at 75˚C for 10 min and cDNA diluted to 500µL total volume with water. QPCR was performed using a Quantica machine (Techne). QPCR analysis for each gene was performed in triplicate in a total volume of 20µL containing 5 µL cDNA (equivalent to 10ng of input RNA), 100nM of each primer and 10 µL of Absolute QPCR SYBR Green Mix 2X (ABgene). For each of target genes, forward and reverse primers were chosen from the available EST sequences by using Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). Target genes were selected by consideration of microarray data and by BLAST comparison of flounder ESTs deposited in Genbank with sequences of mammalian and other fish genes of interest. Primer pairs and EST information are provided in Table 1 . Thermal cycling was initiated with incubation at 95°C for 15 min in order to activate the DNA polymerase present in the mix. After this initial step, forty-five cycles of PCR were performed. Each PCR cycle consisted of heating for 15 s at 95°C for denaturing, and then for 15 s at 60°C and 30 s at 72°C for annealing and extension. Cycle threshold (C T ) values corresponded to the number of cycles at which the fluorescence emission monitored in real time exceeded the threshold limit.
Melting curve analysis was performed to indicate the production of a single product in these reactions. Standard curves were established for each gene by plotting C T values against the log10 of five different dilutions (in triplicate) of cDNA sample solutions. In addition a subset of randomly selected samples generated by each primer pair was analysed by agarose gel electrophoresis and sequencing to confirm the identity of amplicons. Realtime efficiency was determined for each gene from the slopes given by Quantsoft (Techne) software, applying the equation E=10 (-1/slope) . The calculated relative expression ratio of each gene was based on the PCR efficiency (E) and C T of sample compared with control, and expressed in comparison to the reference genes, β-actin, α-tubulin and ef1A. These genes were not changed in any of the treatments, as observed after microarray analysis. Statistically significant differences in gene expression between the 'clean' vehicle (DMSO) treated hepatocytes or fish and all other possible treatment X sediment conditions were evaluated in group means by randomization tests (Pfaffl et al., 2002) using REST© software. Five thousand random allocations were applied and differences were considered to be significant at P≤0.05.
Results
Flounder Biometry
Forty eight fish in the 'clean' mesocosms (40% mortality rate) and twenty-nine fish in the 'polluted' mesocosms (24% mortality) died during the experiment. Chi-squared analysis indicated that mortality of fish on the "clean" sediment was higher than expected (24%) and mortality of fish on the "polluted" sediment was lower than expected (Fisher's exact χ2 test, p=0.012). There was a tank effect (Pearson χ2 test, p<0.001); whilst tank 1 ('clean'; 20% mortality) and tank 4 ('polluted'; 45%) had mortalities not significantly different to those expected (32%), mortalities in tank 3 ('clean'; 60% mortality) were higher than expected and in tank 2 ('polluted'; 3.3%) were lower than expected.
In the 7 months between introduction to the mesocosm and sampling, the flounder grew in length and weight, although they were in poorer condition (based on comparison of body wt / L 3 x 100, not shown). There were no treatment-related differences between length, weight, or condition (not shown). All were classed as unsexed when introduced, and there were no significant variations from the expected sex 50:50 ratio for either treatment after 7 months. There were no significant treatment-related differences (t-tests) in the gonadosomatic index (GSI; gonad weight / total weight x 100) of fish classed as either male or female after 7 months (not shown). There were no external signs of disease (fin rot, skin lesions or abnormal pigmentation) in fish after 7 months from either treatment.
Sediment chemistry
The contaminant profiles of each sediment are presented in Table 2 . Several different priority chemical pollutants were measured in order to establish the extent to which the contaminated mesocosm represented a typical multiply-polluted estuarine sediment. Despite mixing filter sand with both Tyne/Forth and Ythan sediments, there was still a significant difference in grain size distribution between the final 'clean' and 'polluted' test sediments in the mesocosms. A difference in total organic carbon (TOC) content between the two sediments was also apparent and therefore results for organic and metal contaminants are presented as absolute values, and as values normalised to either TOC or grain size. Irrespective of normalisation, the 'polluted' mesocosm sediment showed significantly higher values for most contaminants than the 'clean' sediment. The exception was that the 'clean' sediment was more contaminated with "Total OCPs" than the 'polluted' sediment, and that normalised concentrations of Cd and some PAHs (total "NOAA n=14 PAH" were not significantly different between the two sediments. PAH ratios (not shown) indicated that the PAH contamination of both sediments was predominantly pyrolytic in origin (Webster et al., 2004) .
In several cases sediment contaminant concentrations exceeded environmental quality standards. OSPAR Background Assessment Concentrations (BACs; (OSPAR, 2008) ) were exceeded in both sediments for several PAHs (naphthalene, phenanthrene, anthracene, fluoranthene, pyrene, benz [a] anthracene, chrysene and benzo[a]pyrene) and five CB congeners, whilst the concentrations of two further CBs and the PAH benzoperylene also exceeded the BAC in the 'polluted'sediment. CB concentrations did not exceed OSPAR Environmental Assessment Criteria (EACs; (OSPAR, 2008) ) in either sediment. Similarly, the 'clean' sediment did not exceed the NOAA Effects Range Low (ERL; (NOAA, 1999)) for any compounds; however, the 'polluted' sediment exceeded the NOAA ERLs for ΣDDTs, naphthalene, phenanthrene, As, Hg, Ni, and Pb. A single sample of sediment was taken from each tank when the fish were removed. Clean and polluted sediments were each pooled and analysed to provide a single measurement of PAH and CB in each sediment 8 months after setting up the mesocosms. There was no apparent decrease in total PAHs or total CBs; the measured levels fell within the 95% confidence intervals for the initials measurements. Data is mean and SD of five replicate subsamples for each of the two test sediments (clean, Ythan and polluted, Forth/Tyne) prior to addition to the mesocosm aquaria (µg/kg dry wt, unless indicated otherwise). Normalised to a TOC content of 2.5% (for organic contaminants) or to a sediment grain size of 100% <63 µm (metals and organotins). "Less than" values indicate results below analytical detection limits. TOC = total organic carbon; OCP = Organochlorine pesticides (HCB = hexachlorobenzene; total = sum concentration of 20 different compounds, see methods section); CBs = chlorinated biphenyls (see methods); PAH = polycyclic aromatic hydrocarbons (NOAA compounds = sum of those PAH compounds for which NOAA Sediment Quality Guideline ER values are available (see Table 1 ); total = sum of 33 PAH compounds; B[a]P-equivalent concentration based upon the toxic equivalency factors for the "USEPA 16" (USEPA, 1993), see methods for details). Tyne/Forth concentrations are boldened and underlined where they are significantly different (p<0.05) from Ythan concentrations. "NOAA" = US National Oceanic and Atmospheric Administration.
Comparison of individual fish livers with hepatocyte pools
To determine whether the levels of gene expression in the hepatocyte pools were representative of gene expression in the populations of fish exposed to each type of sediment, the expression of selected genes which showed differences in microarray analysis were tested. Thus, quantitative rtPCR (QPCR) measurement of the expression levels of five genes which were changed in hepatocytes from fish from 'polluted' sediment compared to those from 'clean' sediment, showed that these genes were also changed in the same direction and by similar amounts when measured in each of the individual source fish from which the hepatocytes were prepared (Fig2). 
Genes affected by sediment exposure or treatment
Initially an overall exploratory analysis of all the genes affected in hepatocytes was conducted by first applying 2-way ANOVA to generate a list of significantly changed genes in any treatment or sediment group. This list was then analysed by clustering methods, to search for parameters which may be predictive of gene expression or of treatment. Thus, application of 2-way ANOVA, with false discovery rate correction (FDR p<0.05), to compare all combined treatments (DMSO, BAP, CU, E2 or MIX) with sediment ('clean' or 'polluted') returned a list genes which were significantly changed by sediment, by treatment or by both factors. Nine hundred and seventy eight of these genes were associated with sediment, 951 with treatment and 206 showed interaction between sediment and treatment. Hierarchical clustering (Fig 3) of all of these significantly altered genes based on experimental condition, showed that neither sediment origin, nor subsequent acute treatment could predict the gene expression profile. Thus, vehicle-treated hepatocytes from fish from the 'clean' sediment mesocosms clustered separately from all other groups, whilst Cu and E2 treated hepatocytes clustered according to sediment type rather than treatment. There was some indication that BAP and MIX treatments clustered together, irrespective of sediment type. Clustering by gene was performed hierarchically and by supervised K-means clustering for five groups. These two methods produced similar clusters (Fig 3) , and examination of the K-means clusters in more detail indicated that the majority of genes in four of the groups could be interpreted as: increased by polluted sediment (Group 2); decreased by polluted sediment (Group 3); increased by BAP or MIX (Group 1); decreased by BAP or MIX (Group 4). The fifth group did not correspond to any particular treatment, but contained the majority of genes which were present in the interaction group output from the initial 2-way ANOVA test.
Further filtering of the gene list associated with sediment was performed to generate a final output list. The filtering process first eliminated genes from the total sediment 2 way ANOVA output, which showed a p value of ≤0.05 after a comparison of 'clean' DMSOtreated hepatocytes with 'polluted' DMSO-treated hepatocytes. Secondly, the T-test output list was filtered to exclude genes which were less than 2 fold up or down-regulated after comparing 'clean' DMSO-treated with 'polluted' DMSO-treated. This resulted in a final output list of 57 genes whose expression was considered to be changed by exposure to polluted sediment (Table 3 ). The biological process GO terms associated with these genes were compared with the total GO list for the microarray, and tested for significant (p≤0.05) over-representation as implemented in GeneSpring GX 7.3.1 (Agilent). Only GO categories represented by more than one gene from the final gene list were considered significant and are reported in Table 4 . Genes whose expression changed after each treatment (BAP, CU, E2 or MIX) were defined by the same methods. First the total 2-way ANOVA output list which was associated with treatment was filtered by T-test p-value using comparisons between BAP, CU, E2 and MIX treated hepatocytes, each with DMSO-treated hepatocytes. Second each of these output lists were filtered by 2-fold up or down in expression level (Supplementary Tables 1-4 ) The relative expression levels of the genes are indicated in heat map form, with red representing high and blue, low. Genes were also clustered using K-means supervised for 5 groups. Genes from the five K-means clusters are mapped onto the hierarchical gene tree using colours. The similarly coloured bars to the right of the heat map correspond to congruent clusters of genes produced by Kmeans and hierarchical methods. The numbers of genes in each cluster which belong to Sediment, Treatment or Interaction between sediment and treatment groups from 2-way ANOVA are indicated using Venn diagrams. Table 3 . Genes whose expression changed in pooled hepatocytes from fish exposed to 'polluted' sediments compared to hepatocytes from fish exposed to 'clean' sediments.
Derived by determining which genes from 2-way ANOVA output list "sediment genes" were significantly changed (T-test p<0.05 and >2-fold up or down as indicated in 'In Background', the number of genes present in the indicated GO category present on the total microarray. 'In List', the number of genes in the indicated GO category present in the output list (polluted versus clean sediment). The p-Value indicates the probability that the GO category is over-represented in the output list compared to the background list.
From these microarray output lists it is apparent that BAP and E2 have the expected inducing effects on, for example induction of CYP1A and vitellogenin mRNA respectively. These effects were confirmed by QPCR (Fig 4) , along with measurements on other genes which were associated with sediment type (Diablo, transthyretin, hepcidin) and genes which are regularly reported in biomarker studies (UGT1B1, CuZnSOD, glutathone reductase, GSTA) Together these measurements demonstrate that 'clean' and 'polluted' hepatocytes respond similarly, although not identically when treated with the BAP or E2 or Cu. Thus, although BAP treatment caused large increases in both CYP1A and UGT1B, both previously shown to be responsive to BAP in flounder (Leaver et al., 2007) , it is apparent that BAP and Cu also increased vitellogenin mRNA levels in 'clean' hepatocyes, but not in 'polluted' hepatocytes. Co-administration of BAP, E2 and Cu caused a similar level of increase in CYP1A and UGT1B as BAP alone, but levels of vitellogenin mRNA were much reduced in comparison to levels seen with E2 alone. Also apparent is that both UGT1B1, glutathione reductase and glutathione S-transeferase show a very similar treatment-response profile to that of CYP1A. Furthermore the responses of Diablo and transthyretin, which were associated with sediment treatment in microarray analysis are also associated with sediment in QPCR profile, being higher in all polluted sediment hepatocytes than in clean, irrespective of subsequent acute treatment.
Discussion
The experiment described here was designed to discover how flounder are affected after relatively long-term association with multiply polluted estuarine sediments. This was achieved by categorising genes in flounder whose expression was changed in response to chronic exposure for 7 months to contaminated sediment. In order to reduce the variability which may be associated with site-specific parameters such as salinity, temperature, or feeding behaviour, or to avoid effects of genetic differences between flounder populations, the experiment was conducted in mesocosms using a single population of flounders taken from a "clean" site, the Ythan estuary. These fish were then exposed to a sediment derived from their native Ythan estuary, or a mixture of sediments taken from two contaminated sites in the UK, the Tyne and Forth estuaries. After 7 months of exposure there were no differences in sex ratios or condition indexes between fish from the 'clean' and 'polluted' tanks. There was evidence of a tank-related difference in mortality rate. One of the 'clean replicate mesocosms had an unusually high mortality rate and one of the 'polluted mesocosms, an unusually low rate. Such variability in survival in mesocosms, either for flounder, (Vethaak et al., 1996) or more generally for many organisms has been observed before. Whilst this variability is a problem for the assessment of effects on community structure and other higher level ecosystem variables, inter-individual variation in organisms, within or between groups is much lower (Caquet et al., 2000) . Furthermore, since the higher mortality occurred in one of the clean mesocosms, it is clear that the pollutant status of the sediments is unlikely to be the cause. Chemical analysis of the sediments indicated that the 'polluted' test sediment contained significantly higher levels of a range of contaminants than the 'clean' sediment and were higher than recognised background concentrations. In several cases contaminant concentrations exceeded internationally recognised environmental quality thresholds, indicating a potential to cause biological effects in exposed organisms. We interpret these results as strong evidence that the mesocosms accurately reflected the natural situation of long-term, chronic contaminant exposure that flounder would be subject to in a typical industrialized, Northern temperate estuary. Despite the clear elevation of contaminant levels in the polluted sediment, there was only limited evidence of an increase in flounder tissue contaminant levels after 7 months of exposure. Of the metals only lead showed a significant elevation in flounder muscle tissue and none of the organic contaminants showed elevations (not shown). However, there was a significant elevation in bile 3-hydroxypyrene in fish from the 'polluted' mesocosms (not shown), indicating that although PAHs were not accumulating, they were being taken up, metabolised and excreted to a greater extent than in fish maintained on the 'clean' sediment.
In order to compensate for the natural variability in gene expression amongst individual flounder we analysed the transcriptome in pooled hepatocytes derived from multiple fish exposed either to polluted or to clean sediment. In addition, hepatocytes were further treated with prototypical environmental pollutants. This provided a means to directly compare chronic and acute chemical effects in hepatocytes from fish exposed to clean or polluted sediments.
Validation of the transcriptomic results consisted of a pre-and post microarray analysis. The pre-microarray analysis consisted of QPCR measurement of a representative selection of genes in the original 6 fish from 'clean' and 6 fish from 'polluted' sediment. The purpose of this test was to determine whether the expression levels of these genes in the individuals used to make the hepatocyte pools were representative of populations of fish exposed to each type of sediment, in turn indicating the validity of the pooling process. Five genes whose mRNA levels were increased in pooled hepatocytes from fish exposed to polluted sediments were selected. If these genes were also statistically significantly elevated in the individuals from which the pooled hepatocytes were derived, then the pooling procedure is experimentally valid. The results of this analysis demonstrated good agreement between the pooled hepatocytes and the individual source fish. There were no 'outliers' in the individual source fish and it was possible to show statistical significance of differences in gene expression, similar to hepatocyte replicates. We thus conclude that the gene expression measured in pooled hepatocytes was a reasonable representation of the hepatic gene expression population means of the fish in the mesocosms.
After clustering all changed genes and conditions by unsupervised hierarchical method or by a supervised clustering method, it was apparent that sediment of origin had a large effect on gene expression, irrespective of subsequent acute treatment. Treatment with Cu or E2 had little effect on overall gene expression compared to sediment of origin. In contrast, treatment of hepatocytes with BAP or MIX did have large effects. This overview of gene expression indicates that exposure to the multiply-polluted sediment caused clear changes in gene expression, and that the effects of acute exposures to single chemicals were in some cases small in comparison (Cu and E2), and in other cases clearly different (BAP and MIX), showing one reason why it has been difficult to associate acute laboratoryderived transcriptomic profiles with field-derived profiles.
To derive more biological meaning from global profiles, the list of genes changed by sediment after 2 Way ANOVA was categorized by filtering using pairwise T-tests and fold expression in 'polluted' versus 'clean' sediment hepatocytes. Several over-represented gene ontology categories could be derived from this list. These included; immune response, particularly complement activation; apoptotic induction and caspase activation and xenobiotic metabolism. Consideration of the individual genes making up these GO categories, along with other genes on the output list which were not annotated, indicates that a large proportion of the contribution to the immune response and a number of other genes could also be classified as acute phase reactants (Heinrich et al., 1990 ). Although it is not possible to predict the effect of these liver gene expression changes on blood protein levels, the level of increase (2 to 3 fold) of acute phase reactant mRNA expression is indicative of low grade inflammation, typically caused by low level chronic infection, metabolic dysfunction, or chemical exposure (Forrester and Bick-Forrester, 2005) (Mullenix et al., 2005) (Yudkin et al., 2000) . It is also notable that this list of genes changed by exposure to polluted sediment does not include typical biomarker genes. To further investigate, CYP1A, a gene which characteristically increases in expression following acute exposure to PAH, dioxin and planar CBs, and is thus a very widely used exposure biomarker (van der Oost et al., 2003) was measured by QPCR in both the hepatocytes and in the individual source fish. Contrary to expectation, CYP1A mRNA was decreased in flounder exposed to 'polluted' sediments for 6 months. Many studies have reported increases in CYP1A in flounder exposed to contaminated sediments (van der Oost et al., 2003) . However, other studies on the effects of chronic exposure to multiply-polluted sediments have also reported a lack of expected response by hepatic CYP1A in flounder and in other species (Eggens et al., 1996) (Reynolds et al., 2003) . Notably, despite a lack of CYP1A response, flounder held long-term in mesocosms containing contaminated sediment did exhibit an increased incidence of hepatic lesions (Vethaak et al., 1996) . In the experiment reported here there was no indication of any reduction in either PAH or CB levels in the sediments after 7 months. It is possible that flounder in the mesocosms simply did not accumulate sufficient contaminant to induce CYP1A, or that induction of CYP1A in specific tissues is dependent on route of exposure (VanVeld et al., 1997) . Alternatively, CYP1A may become unresponsive after long-term exposure to PAH, as has been reported in flounder fed PAH-spiked food which demonstrated increases in CYP1A after 1 month, but no effect after 6 months of feeding (Reynolds et al., 2003) .
The effects of hepatocyte treatments with prototypical pollutants were very similar to hepatic expression profiles from previous studies on acutely exposed whole flounder (Williams et al., 2008) ; supplementary tables 1-4). Importantly, it was clear that the expected genes, CYP1A, UGT1B for BAP and vitellogenin, choriogenin for E2 were highly elevated (Fig 4) . In addition glutathione reductase and GSTA showed very similar treatment-response profiles to CYP1A, indicating that in flounder these genes are likely to be regulated by the same mechanism as CYP1A, by the aryl hydrocarbon receptor (Beischlag et al., 2008) . This demonstrates that although these genes were not induced by sediment exposure at environmentally relevant concentrations, the systems which regulate them in response to contaminants were intact in the isolated hepatocytes. Some interesting interactions between sediment and treatments were also apparent, from the microarray data and also confirmed by QPCR. For example, whilst vitellogenin mRNA is highly induced by E2 in hepatocytes from both polluted and clean fish, it is also induced, albeit to a lesser extent, by BAP and by CU in the 'clean' hepatocytes, but not in 'polluted' hepatocytes. The reasons for this are not obvious, although both BAP and its metabolites, and more recently metals, including Cu, have been shown to mimic estrogen when present at sufficient concentration (Darbre, 2006 ) (Fertuck et al., 2001 . The fact that this response is clearly different depending on hepatocyte source, suggest that these effects may extend to fish living in chronically polluted and clean environments, and should perhaps be investigated further given the relevance for environmental monitoring programs.
Also apparent are effects of the mixture on hepatocytes. Although this treatment induced CYP1A, and UGT1B to the same extent as BAP alone, vitellogenin expression was much reduced compared to E2 alone. These types of interactions between pathways which depend on the aryl hydrocarbon and estrogen receptors have been previously observed in mammals (Safe and Wormke, 2003) (Beischlag and Perdew, 2005) . If the same effects are seen in fish, as seems evident from the results reported here, then the results of CYP1A and vitellogenin biomarker measurements in multiply-polluted environments should be treated with caution.
In addition to biomarker genes associated with acute chemical exposure, we also measured by QPCR some of the genes which were associated with clean or polluted sediment. As indicated by global clustering of the microarray data, some of these genes (Diablo and transthyretin) showed a pattern of expression which was largely dependent on sediment of origin, rather than acute treatment. However QPCR results showed that these sediment-related genes may also be further modulated by acute exposure. An interesting example is Diablo. The expression of this gene was higher in all polluted samples than in clean, but following mixture treatment, expression in polluted hepatocytes further increases to levels 30 fold higher than in clean vehicle-treated hepatocytes. Diablo (or Smac) is a protein released from mitochondria which inhibits the activity of a repressor of caspase 3, a major apoptotic executioner (Du et al., 2000) . An increase in Diablo might thus be an indication that under cell death stimuli, apoptosis is highly favoured. The signals which promote increases in Diablo are not known, but as a component of the mitochondrion it is likely associated with the intrinsic apoptotic pathway, responding to cellular damage (Shiozaki and Shi, 2004) , and Diablo mimetics have recently been shown to increase the susceptibility of diseased cells to apoptosis-inducing drugs (Fulda et al., 2002) (Bank et al., 2008) . The pattern and magnitude of expression changes in flounder liver indicate that Diablo, and the pathways to which it belongs are worthy of further investigation, with the prospect of developing more relevant environmental biomarkers.
Conclusions
In summary and conclusion we have shown that long-term, chronic exposure of flounder to multiply-polluted estuarine sediments causes increases in the hepatic expression of genes involved in innate immunity, inflammation and apoptotic pathways. Genes commonly employed as environmental contaminant exposure biomarkers (eg CYP1A, vitellogenin, metallothionein) were not affected, or were changed contrary to expectation in this experimental system, suggesting that they may be most useful in monitoring acute spill, or point-source contaminant inputs to the environment. The results of this experiment show that, during long-term exposure to diffuse, multiple contaminants there may be other, more useful biomarkers of exposure (or effect) which indicate changes in chronic inflammatory and apoptotic pathways. 
